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We analyze the Carroll-Field- Jackiw (CFJ) modification of electrodynamics reformulated as the 
ordinary Maxwell theory with an additional special axion field. In this form, the CFJ model appears 
as a special case of the pre-metric approach recently developed by Hehl and Obukhov. This em- 
bedding turns out to be non-trivial. Particularly, the pre-metric energy-momentum tensor does not 
depend on the axion. This is in contrast to the CFJ energy-momentum tensor which involves the 
axion addition explicitly. We show that the relation between these two quantities is similar to the 
correspondence between the Noether conserved tensor and the Hilbert symmetric tensor. As a result 
the CFJ energy-momentum tensor appears as the unique conserved closure of the pre-metric one. 
Another problem is in the description of the birefringence effect, which in the pre-metric framework 
does not depend on the axion. The comparison with the CFJ model shows that the corresponding 
wave propagation (Fresnel) equation has to be extended by a derivative term, which is non zero 
for the axion field. In this way, the CFJ birefringence efi'ect is derived in the metric-free approach. 
Consequently the Lorentz and CPT violating models can be embedded without contradictions in the 
pre-metric approach to electrodynamics. This correspondence can be useful for both constructions. 

PACS numbers: 03.30.-|-p, 11.30.Cp, 42.25.Lc 



I. INTRODUCTION — THE CFJ-MODEL 

The Carroll-Field- Jackiw (CFJ) modification of elec- 
trodynamics was formulated [1] with a view to exam- 
ine the possibility of Lorentz and PCT violations in 
Maxwell's electrodynamics. The model predicts the rota- 
tion of the plane of polarization of radiation from distance 
galaxies, an effect which is not observed [1]. However 
the original construction gives some general framework to 
treat Lorentz and PCT violations in field theories. Par- 
ticularly, the similar ideas appear in the Lorentz violating 
extensions of the standard model [3] , in the models with 
the spacetime variation of the coupling constants [4], in 
the Chern-Simon extension of GR [5] , [6] , and in various 
other contexts. 

In the present paper we show that the original CFJ- 
model can be viewed as a specific case of the pre-metric 
framework of electrodynamics recently developed by Hehl 
and Obukhov, see [7], [9], [10]. 

The notations in [5] and [6] are slightly different from 
those originally used in [1]. Thus we start with a brief 
account of the CFJ-electrodynamics. 

The first field equation for the electromagnetic field (a 
2-nd order antisymmetric tensor) Fab is postulated to be 
the same as in the ordinary electrodynamics: 

da *F''^ ^ , *F'''' = ]^e'''""^F^d ■ (1) 

Consequently, the potential Aa appears in the ordinary 
form Fab = daAb — dbAa- The equation (1) does not 
involve the metric of spacetime. 
The second Maxwell equation 

da F-' - J" , F'^' = g''^g'"F„-,^ (2) 

involves the metric tensor explicitly. In the CFJ-model, 



it is modified to 

da F"'' + Va = , (3) 

where Va is a covector. The electromagnetic current j'' 
is conserved, db = 0, provided the covector Va satisfies 

daVb - dbVa = . (4) 

The Lagrangian associated with the modified field 
equation (3) involves the Chern-Simon-like term in ad- 
dition to the standard Maxwell Lagrangian 

L^~^FabF^''+^VaAb*F'''-rAa. (5) 

This expression is gauge invariant provided (4) holds. 

The energy-momentum tensor for the electromagnetic 
field, in the CFJ theory, is given in the form [1] 

e\ - -F'^'Fbc + ^S^F'^F^a + ^vb *F'^-A, . (6) 

The divergence of this tensor is equal to the standard 
Lorentz force expression 

daQb"- - rPab , (7) 

provided (4) is restricted to 

daVb = . (8) 

Consequently, in the absence of sources, (6) is conserved 
by virtue of the field equations. 

The Chern-Simon-type addition breaks the symmetry 
of the energy-momentum tensor (6) and its positive def- 
initeness. This fact is treated in [1] as an indication of 
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the absence of the Lorentz invariance. Observe also that 
Ob" has a non zero trace Qa" = (l/2)ua *F°'''Ac. 

The appearance of a "fixed" (in the sense of (8)) covec- 
tor Va in the field equation (2) and in the Lagrangian (5) 
is treated in [1] as a breaking of the Lorentz invariance 
of the theory. Moreover, if Va is considered as a covector 
(not a pseudo-covector), the parity symmetry is lost too. 
To preserve SO (3) space invariance, the covector Va is 
taken in the form 

v„ = (/^, 0,0,0), (9) 

where ;U is a constant. 

A physical consequence of the modified electrodynam- 
ics appears as a certain variation of the dispersion law. 
For a plane monochromic wave it takes the form [1] 

10 = V|kP±/^|k|«|k|±|. (10) 

This birefringence of the vacuum generates a Faraday like 
rotation on polarized light. Actual astronomical mea- 
surements impose an upper boimd on the parameter /i. 

As it was already mentioned in [1], the CFJ model can 
be equivalently reformulated as an ordinary electrody- 
namics with additional axion field. This new formulation 
is not complete because the corresponding axion field is 
non-dynamical. However, two equivalent representations 
of the model have to give the same physical consequences. 
The non-dynamical axion field naturally appears in the 
pre-mctric approach to electrodynamics recently devel- 
oped by Hehl an Obukhov [7], [9], [10]. The comparison 
of this framework to the CF J-model raises two problems: 

(i) The energy-momentum tensor of pre-mctric electro- 
dynamics does not depend on the axion field. The CFJ 
energy-momentum tensor involves the axion field. How 
are these two energy-momentum tensors related to one 
other? 

(ii) The wave propagation, in the pre-metric electro- 
dynamics, is managed by an equation of the 4th order 
(Fresnel equation). The axion field drops out from this 
expression [10]. How does the CFJ birefringence of the 
vacuum (10) appear in this context? 

The pre-metric approach is manifestly covariant so 
it would be interesting to find out how the Lorentz 
and PCT violating model is embedded in this covariant 
model. Observe that, for a covariant covector Va, the field 
equations, the Lagrangian and the energy-momentum 
tensor of the CFJ model arc Lorentz invariant. The cov- 
ector Va can always be taken in the form (9). This choice 
declares a sub-class of coordinate systems that are related 
by 5*0(3) transformations. The Lorentz invariance is ac- 
tually broken, in the CFJ model, only when the specific 
choice (9) of the covector Va is assumed to hold in an ar- 
bitrary coordinate system. Thus an additional problem 
occurs: 

(iii) How do these two alternative descriptions of the 
covector Va infiuence the dispersion law? In other words: 
Is the birefringence effect really an indication of the 
Lorentz and CPT symmetry breaking? 



Our goal is to discuss the indicated problems. The plan 
of the paper is as follows: Wc start with a brief account of 
pre-metric electrodynamics. Although the exterior form 
technique is more convenient in this construction, we use 
the tensorial form which allows a straightforward com- 
parison with the CF J-model. 

Our main results are given in the next two sections. 
By introducing the CFJ excitation and the correspond- 
ing constitutive tensor, wc reformulate the CF J-model in 
the pre-metric form. The pre-metric energy-momentum 
tensor turns to be of the Hilbert type, while the CFJ 
expression is a Noether conserved quantity. Moreover, 
we derive the CFJ quantity by means of the conserved 
closure of the pre-metric tensor. In an opposite way. the 
pre-metric tensor is the symmetric part of the CFJ one. 

In the fourth section, we deal with the effects of the 
light propagation. By comparison with the CFJ model, 
we show that the pre-metric Fresnel equation [9], [10] has 
to be supplemented with the terms involving the deriva- 
tives of the constitutive tensor. For the models of the 
CFJ type with the fixed metric and the variable axion 
part, we derive the explicit form of the additional term. 
The corresponding Fresnel equation appears to be of the 
4-th order as in the case of a constant constitutive tensor. 



II. THE PRE-METRIC APPROACH TO 
ELECTRODYNAMICS 

In the pre-metric electrodynamics [11], [10] one starts 
with the spacetime considered as a 4 dimensional differ- 
ential manifold without additional structures as metric 
or connection. The conservation of the electro-magnetic 
current is treated as a basic fundamental fact. When nec- 
essary constraints on the topology of the spacetime are 
applied, this conservation law results in the existence of 
the electromagnetic excitation i?"*" — an antisymmetric 
2-nd order tensor 

5(,J'' = yields daH"^ = . (11) 

The quantities J" and H'^^ are considered as twisted 
(odd) tensors (differential forms). It means that they 
change their signs under a map of spacetime with a neg- 
ative determinant, for instance, under P or T transfor- 
mations. 

The scicond basic fact assumed in the pre-mctric frame- 
work is the Lorentz law of interaction between the charges 
and the electromagnetic field 

fa = J' Fab ■ (12) 

This law is viewed as an operational definition of the elec- 
tromagnetic strength Fab- This is an untwisted (even) 
tensor, which does not change under the maps of space- 
time with a negative determinant. The first Maxwell field 
equation 

da *F"'' = 
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is treated as an expression of the magnetic flux conser- 
vation law. In other wards, the absence of magnetic 
monopoles is considered as a fundamental fact. 

The excitation and the electromagnetic strength can 
be related, in general, by an operator 



(13) 



The restriction of this equality to a linear, homogeneous, 
local relation yields 



Tjab ^abcd 

tl - X t'cd, 



(14) 



where y^^^^^ is the constitutive tensor, with the symme- 
tries 



abed ^bacd ^abdc 

A A, A. 



(15) 



The irreducibly decomposition of this tensor, under the 
group of linear transformations, involves three indepen- 
dent pieces 



III. CFJ EMBEDDED IN METRIC FREE 
FRAMEWORK 

A. The CFJ constitutive tensor 

We start with embedding standard electrodynamics in 

the pre-metric framework. Comparing the equations (2) 
and (11) we see that the Maxwell excitation H"-^ has to 
be equal to F"'^. Take also into account that the current 
J° and the excitation iJ"^ have to be treated as twisted 
(odd) tensors, while F'^^ is untwisted. Consequently, the 
Maxwell excitation is 



„„ac bd TP 

99 9 ^cd ■ 



Hence the Maxwell constitutive tensor 



(23) 



(24) 



^abcd _ (l)^abcd _j_ (2) ^abcd _j_ (Z) ^bcd (16) 

The axion and the skewon parts are defined as [12] 

(3)^abcd _ ^abcd] (2)^abcd _ \^^abcd ^cdab^ (17) 

while the principal part is 

(l)^ahcd _ ^abcd (2) ^abcd [3) ^abcd (18) 

The Lagrangian, in pre-metric electrodynamics, may 
be taken in the form 



involves only the principal part. 

The CFJ modified field equation (3) involves the term 
proportional to F""^ itself, i.e., to the first order deriva- 
tives of the potential A^- Thus the CFJ excitation can be 
constructed as a type of integral operator. Although the 
general case of a linear operator relation between Hab 
and Fab was mentioned above (13), it is preferable to 
deal with an ordinary local tensor expression. For this, 
we rewrite (3) in an equivalent form. The condition (4) 
is satisfied by a covector Va equal to the gradient of an 
arbitrary function 



C = -^FabH'^''-rAa. 



(19) 



The skewon part (^)^°-bcd j^, ^^^-^ involved in (19). The 
variation relative to the potential field Aa yields the field 
equation (11), see [13]. 

The energy-momentum tensor, in the pre-metric elec- 
trodynamics, is postulated as 

Tb" = -Fb^H''^ + ^StFmnH^'' . (20) 

This tensor is traceless for an arbitrary constitutive ten- 
sor. Its divergence equals to the Lorentz force plus an 
additional term that depends on the derivatives of 
The axion part (3)T^abcd jg g^jg^ involved in (20) [10]. 

The wave propagation in this pre-metric framework is 
managed by a 4th order equation for the wave-covector 

9a 



G'''""'qaqbqcqd = 0, 



(21) 



where 



Qabcd _ J_ mnr{a b\ps\c d)qtu (nn\ 



is the tensor density of the weight +1. The axion part 
drops out also from this tensor [10]. 



daO, 



(25) 



With this redefinition, the field equation (3) is equivalent 

to 



da [F"^ + e*F'''') = J\ 



(26) 



provided the field equation (1). Comparing with (11) we 
derive the CFJ electromagnetic excitation 



(27) 



i.e., the constitutive tensor in CFJ electrodynamics in- 
volves an axion in addition to the principal part 



(CFJ) abed 
A 



-9 {9"' 9' 



gbCgad-. 



1 

2'' 



abed 



(28) 



Observe that the function 9{x) is arbitrary in (27,28), 
thus both expressions are Lorentz invariant. As for the 
parity invariance, for 9{x) a scalar, parity symmetry is 
loosed, while, for 9{x) is a pseudo-scalar (twisted scalar), 
it is preserved. We will consider these two cases simul- 
taneously. It means, that we allow the constitutive ten- 
sor to have a non-homogeneous parity although, in pre- 
metric electrodynamics, it is assumed to be twisted. 
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B. The CFJ Lagrangian 

Substituting the CFJ excitation (27) into the pre- 
metric Lagrangian (19) we obtain 

^ = -\ FabF-'V^ - \0Fab *F-^ - J'^Aa . (29) 
Observe that 

\da{eA,*F''') . (30) 

The second term vanishes, provided the field equation 
(1). Thus the pre-metric Lagrangian (19) is equivalent 
to the CFJ one (5), up to a total derivative. 

C. The CFJ energy-momentum tensor 

Substituting (27) in the energy-momentum tensor of 
metric-free electrodynamics (20) we obtain the ordinary 
Maxwell energy-momentum tensor 

(Max)j,^a ^ _F-cp^^ ^ -^S^F'^'^F^a (31) 

since the axion term does not give any addition [12]. This 

expression is, in fact, the Hilbcrt energy-momentum ten- 
sor. Indeed, since the Chern-Simon-likc term is indepen- 
dent on the metric, T"** = 5L/5gab = 5C/5gab ■ 

Certainly, (31) is traceless, symmetric and positive de- 
fined. Its divergence, however, is not equal to the Lorentz 
force. In order to compare this expression to the CFJ 
tensor (6), we consider the divergence of the general ex- 
pression (20). It takes the form [10] 

daTb'' = fb + Xi,, (32) 

where 

Xb = \ (H^^dbFij - FijdbW^) . (33) 

Substituting here the constitutive relation (14), we ob- 
tain the reduction to two terms of different origin Xi, = 
Yi, + Zh, with 

= —FijFp^db (^'h''''' + ^'^X'^"') , (34) 

and 

Zb = \ '•^h'"''FijdbFki . (35) 

In the second term, Zf,, the derivatives of the electromag- 
netic field are involved, so it is of the same fashion as the 
Lorentz force itself. Thus Zb gives a type of a "hard viola- 
tion" of the conservation law. This fact is rather natural, 
since the skewon term is not involved in the Lagrangian. 



In the first term, Yb, only the derivatives of the consti- 
tutive tensor are involved. This term is not zero for a 
spacetimc with a variable metric even without the axion 
term modification. This is a type of a "soft violation" of 
the conservation law. It is usually treated by the change 
of the partial derivative to the covariant one. 

In the CFJ model we deal with a constant principal 
part and a variable axion part (28). Moreover, the axion 
part does not involve the energy- momentum tensor (20). 
Consequently the relation (32) takes the form 

da ("-)T6« = fb- \Fmn *F^^dbe . (36) 

This relation is equivalent to 

da (^("-)T(,« + 1 *F''-A,dbe^ = fb (37) 

provided the field equation (1) and the condition (8). The 
expression in brackets coincides with the CFJ energy- 
momentum tensor (6). Thus this tensor can be viewed as 
a conserved closure of the pre-metric energy-momentum 
tensor. This extension is unique up to a total derivative. 

A more meaningful description of (6) can be given in 
the framework of the Noether procedure. Indeed, this ex- 
pression is derivable from the Lagrangian (5) by the stan- 
dard formula for the canonical energy-momentum tensor. 
Thus (6) can be interpreted as an energy-momentum ten- 
sor of a system of two interacted fields the electromag- 
netic field Fab and the non-dynamical field Va, see [13]. 
The additional term can be viewed as the energy of inter- 
action of the electromagnetic field with an "infinite sea" 
of the covector field Va- It is rather natural that the to- 
tal expression is not positive defined and non-symmetric. 
These features of the energy-momentum tensor cannot be 
seen, however, as an indication of the Lorentz or parity 
symmetry breaking. They appear even in the case of the 
covector field restricted by a Lorentz invariant condition 
(8). 

The quantity (6) shares the well known properties of 
canonical energy- momentum tensors. Particularly, it is 
gauge invariant only up to a total derivative. It is a gen- 
eral property of the Noether tensors derived from the 
Lagrangians which are gauge invariant only up to a to- 
tal derivative [13]. Although the total derivative is not 
important in most situations, it prevents (6) from being 
used as a source in Einstein's gravity equation. 

IV. LIGHT PROPAGATION 

In the framework of the pre-metric approach, the light 
propagation is managed by the 4th order equation (21). 
The axion part of the constitutive tensor docs not alter 
this equation [10]. Consequently, for the CFJ consti- 
tutive tensor (28), the equation (21) does not give any 
birefringence effect at all. This is in a contradiction with 
the CFJ dispersion law (10). In fact, the equation (21) 
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is derived in the geometrical optics approximation. Thus 
the derivatives of the constitutive tensor are neglected. 
However, the CFJ birefringence effect is proportional to 
/U^, i.e., to the square of the first order derivative of 1^"'"=''. 
The CFJ dispersion law uses the exact plane wave solu- 
tion, while (21) is based on the geometrical optics Hmit. 
Thus, in order to have a correspondence between two 
formulas, the expression (22) has to be supplied with a 
certain correction term. 

In fact we have here two different types of the birefrin- 
gence effects: (i) The pre-metric birefringence is gener- 
ated by an algebraic structure of the constitutive tensor, 
(ii) The CFJ birefringence effect is generated by deriva- 
tives of the constitutive tensor. 

For description of the light propagation, we consider 
the wave-type ansatz 

Fab = fabe''', (38) 

where (p = ip{x°') while faf, is a constant tensor. We 
denote the wave covector as qa — da^p- For the ansatz 
(38), the tensor of excitation (13) is 

jjab^^abcdf^^^i^ (39) 

Observe, that, in general, the amplitude of Hab is not a 
constant tensor, even if the amplitude of Fab, is a 
constant. 

Substituting (38, 39) into the field equations (1) and 
(11) and putting to zero the current vector, we obtain a 
system of 8 linear equations 

e^'^'^gb/cd = (40) 
{x'"''\-ix'''"',a)fcd = (41) 

for 6 independent variables fab- For a constant consti- 
tutive tensor, this system coincides with the correspond- 
ing system of [9], which was derived by means of the 
Hadamard method. The equations (40) and (41) are lin- 
early dependent. Indeed, the contraction of (40) with the 
covector qa is identically zero. The solution of (40) may 
be written as 

fab = Qattb - Qbtta , (42) 

where Oa is an arbitrary covector. It is defined only up 
to an arbitrary shift ^ + Xqa, which corresponds 
to the gauge transformations of the potential. In order 
to fix this "gauge" freedom, we use the covector in the 
form of Tamm's ansatz [9] 

aa = —qa + la ■ (43) 
Qo 

The new covector la has only 3 independent components 
la = {0,la),a = 1,2,3. Substituting (43) into (41) we 
obtain 4 linear equations 

{x'''''qbqc + ix"'"\bQc)ls = (44) 



for 3 independent components la. Following [9], [10] we 
introduce a specific frame such that the wave vector is di- 
rected in the positive time direction, i.e., Qa = (1,0,0,0). 
In 1 -h 3 decomposition, (44) reads 

X°^"^,;. = 0, (45) 
{x"°°'+ix"^°\0 + ix'''°\o)h = O. (46) 

We still deal with an over-determined system of 4 linear 
equations. 

Consider now the special case appearing in the CFJ- 
modcl. The corresponding constitutive tensor involves 
the constant principal part ^^^^ ^^le variable ax- 

ion part (3)T^a*'cd _ Q(^y,n^^abcd _ Consequently, the equa- 
tion (45) is satisfied identically and we remain with the 
system (46) of 3 independent equations [vp = dpO) 

M°'^as = 0, with M"^ = ''^'>x°'°°^ + ivfie"'^^^ . (47) 

A nontrivial solution to this homogeneous linear system 
appears only for detM"'' = 0, i.e., 

y„0^e^^pM"''M'^''M^P = . (48) 

We substitute here (47) and observe that the imaginary 
part vanishes because of symmetries (the skewon part is 
absent in the CFJ model). Consequently we come to the 
equation 

y.0,e,,pX'''°^X^'V°' - v.Vfsx'^'^^ = . (49) 

Following the procedure given in [9], [10] we rewrite this 
equation in the covariant form 

G'''""^qaqbqcqd - x'''""^VaVM = . (50) 

Substituting here the CFJ constitutive tensor (28) we 
obtain 

{qaq^f - {vaq^f + {vavniqbq'') = , (51) 

which coincides with [2]. Observe that for a derivation 
of this relation we only need the covariant condition (4) 
which allows to embed the CFJ model in the pre-metric 
setting. 

Finally, in the rest frame Va = (m, 0,0, 0), we substi- 
tute go = {w, k) to derive 

{w^-k^f-m^k^=0, (52) 

which coincides with the CFJ dispersion law (10). 

V. DISCUSSION 

In the case the violations of the Lorentz and the CPT 

symmetries exist as electromagnetic phenomena, it is 
very possible that they would appear in the form of the 
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CFJ modification. The reason is that this model pre- 
serves the basic features of ordinary electrodynamics. In 
particular, (i) the electromagnetic charge is conserved, 
(ii) the model is gauge invariant, (iii) the divergence of 
the energy-momentum is equal to the standard Lorentz 
force, (iv) the electromagnetic flux is conserved (absence 
of monopoles), and (v) the model is derivable from a La- 
grangian. 

The birefringence effect is a measurable result of this 
model. So, in the case the birefringence is not observable, 
one can deduce that there is no violation of Lorentz and 
CPT, as in [1]. The inverse deduction, in general, is not 
true. Even if the birefringence effect was observable, it 
could be originated also in a corresponding Lorentz and 
CPT invariant model. 

The full set of Lorentz violation terms in electrodynam- 
ics is considered in [14], [15]. The corresponding addition 



in the Lagrangian is 

AL = ~{kFUcdF''''F'''- (53) 

For {kF)abcd treated as a set of coupling constants (not a 
tensor), this is a CPT even Lorentz violating term. Only 
10 of the 19 possible terms of the form (53) generate the 
birefringence effect. The coefficient matrix {kp)abcd is 
very similar to the constitutive tensor Thus the 

modification (53) is in a straightforward way embedded 
in the pre-metric framework. 

Acknowledgment: I am grateful to Roman Jackiw, Alan 
Kostelecky, Friedrich Hehl, and Yuri Obukhov for useful 
comments. The work has been supported by the Minerva 
foundation. 



[1] S. M. Carroll, G. B. Field and R. Jackiw, Phys. Rev. D 

41, 1231 (1990). 
[2] R. Jackiw, Comments Mod. Phys. A 1, 1 (1999) 
[3] A. Kostelecky, arXiv:hep-th/0312310. 
[4] V. A. Kostelecky, R. Lchnert and M. J. Perry, Phys. Rev. 

D 68, 123511 (2003) 
[5] R. Jackiw and S. Y. Pi, Phys. Rev. D 68, 104012 (2003) 
[6] R. Jackiw, arXiv:gr-qc/0310115. 

[7] Y. N. Obukhov and F. W. Hehl, Phys. Lett. B 458, 466 

(1999) [arXiv:gr-qc/9904067]. 
[8] Y. N. Obukhov and G. F. Rubilar, Phys. Rev. D 66, 

024042 (2002) [arXiv:gr-qc/0204028]. 
[9] F. W. Hehl, Y. N. Obukhov and G. F. Rubilar, Int. J. 

Mod. Phys. A 17, 2695 (2002) 
[10] F.W. Hehl and Yu.N. Obukhov, Foundations of Classical 

Electrodynamics: Charge, Flux, and Metric (Birkhauser: 

Boston, MA, 2003). 



[11] E.J. Post, Formal Structure of Electromagnetics - Gen- 
eral Covariance and Electromagnetics (North Holland: 
Amsterdam, 1962, and Dover: Mineola, New York, 
1997). 

[12] The brackets (a, 6, • • • ) and [a, fe, • ■ ■ ] mean correspond- 
ingly the symmetrization and the antisymmetrization rel- 
ative to all included indices. The exclusion of some indices 
is denoted by vertical lines as in (22). In some proofs, we 
use the relation 3i''£'^'''''-^^ = 0, where the brackets {• • • } 
mean the cyclic permutation. 

[13] Y. Itin, J. Phys. A 36, 8867 (2003) 

[14] D. CoUaday and V. A. Kostelecky, Phys. Rev. D 58, 
116002 (1998) [arXiv:hep-ph/9809521]. 

[15] V. A. Kostelecky and M. Mewes, Phys. Rev. D 66, 056005 
(2002) [arXiv:hep-ph/0205211]. 



